We have reviewed a series of 56 consecutive patients treated by the Ilizarov circular fixator for various combinations of nonunion, malunion and infection of fractures. We used segmental excision, distraction osteogenesis and gradual correction of the deformity as appropriate.
Even the best treatment of fractures results in problem cases, with nonunion or malunion often complicated by infection, particularly after fractures of the tibia. The basic cause is often the high energy of the initial injury and in some of these cases early amputation may be seen retrospectively to have been appropriate. Failure of union may be due to an inappropriate mechanical environment or to infection and in some cases there is no apparent reason. 1 Whatever the cause, complicated nonunion is a disaster for the patient and may give severe clinical symptoms.
Resistant nonunion may be treated by intramedullary nailing 2 or other forms of internal fixation 3 in which the main aim is the provision of mechanical stability. Sometimes a bone graft may be added 4 and the surgical disturbance of the indolent fracture site, as in exchange nailing, is in itself regarded as a biological stimulus. 5 A high proportion of ununited fractures can be induced to heal by these means and malunion can often be corrected at the same time. These methods are, however, limited in their ability to deal with infection, segmental loss of bone, or shortening, and they involve extensive dissection around the fracture site for the realignment of severe malunion. More powerful techniques, such as vascularised bone transfer 6 and distraction osteogenesis, can be used to treat segmental defects, including those created by the excision of infected bone. The Ilizarov method relies on distraction osteogenesis and is used not only for segmental defects, 7 but also to correct complex malalignment with minimal surgery 8 and to overcome shortening and joint contractures by gradual stretching of soft tissues. 9 It can also restimulate bone repair in the most quiescent nonunions, 10 often by distraction alone.
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The Nonunion Clinic at Hope Hospital in Salford was started in 1985, and accepts tertiary referral of patients mainly from the northwest of England. At first, bone grafting (including the Papineau technique), internal fixation (especially by intramedullary nailing), and electrical stimulation were the usual methods of treatment. Since 1990, however, our preferred management has been the Ilizarov method, partly because of the increasing proportion of patients presenting with infection or other factors precluding intramedullary nailing. We have used the circular fixator to stimulate union by stabilisation and compression or by distraction to correct deformity, and to fill segmental defects by distraction osteogenesis after the radical excision of infected bone.
We have reviewed a consecutive series of patients treated by the Ilizarov method to assess the outcome in the light of the severity of the presenting problems.
PATIENTS AND METHODS
We reviewed retrospectively a consecutive series of 56 patients from our Nonunion Clinic who had completed treatment in an Ilizarov frame for nonunion, malunion and infection after fractures. The median time from removal of the frame to review was 22.9 months (Fig. 1 ). There were 39 tibial fractures, 8 femoral, 3 humeral, 2 ulnar, 1 radial and 3 ankle fractures.
There were 43 men and 13 women; their median age was 33 years (18 to 78). The median time between the initial injury and the application of the frame was 18 months and the median number of previous operations was two (Fig. 2) . We recorded the number of cigarettes smoked per day by each patient, since this has been reported anecdotally to influence the success of callus distraction.
Nonunion was present in 46 patients, malunion in 33 and infection in 22; the various combinations are shown in Figure 3 . Nonunion was classified as stiff or mobile on clinical examination and as atrophic or hypertrophic on the radiological appearance. Radiological deviations from the correct anatomical axis are meaningless in mobile nonunion and were not recorded, but deformity was measured in all groups after treatment. Angulation and translational offset were measured in the coronal and sagittal planes from radiographs; shortening and rotational malalignment were measured clinically.
All patients treated by an open procedure had bone biopsies or swabs taken for microbiological analysis. Samples were taken promptly to the laboratory and processed immediately. Bone biopsies were first ground in a sterile pestle and mortar to release as many organisms as possible, a modification of the method of Gristina and Costerton. 12 All samples were cultured aerobically and micro-aerophilically for seven days and anaerobically for 14 days. Enrichment broths were routinely subcultured, irrespective of growth, at 24 hours and at 7 and 14 days. Infection was graded clinically into severe (extensive inflammation and purulent discharge), mild (signs of moderate inflammation only) and subclinical grades (detected only on microbiology of operative specimens). Labelled white-cell scintigraphy was performed on 26 patients to aid the diagnosis of infection and the delineation of its extent, using 99 Tc hexamethylpropylene-amineoxine as the label. Treatment. In 40 patients treatment was 'monofocal' with procedures confined to the site of nonunion or malunion; of these, 12 had a closed procedure and a further six had fibular osteotomy as the only open operation. In the remaining 16 patients, treatment was 'bifocal' with a corticotomy in a different part of the bone. Monofocal procedures included simple stabilisation of nonunion with compression, and stimulation of union by distraction and gradual angular correction; bone graft was not used. Gradual angular correction was used in 23 cases, using preconstructed angulated frames with hinges. Fifteen osteotomies were carried out to facilitate correction of seven healed malunions and eight stiff nonunions. The other eight angular corrections were in cases of malunion with sufficient mobility not to require osteotomy. Seven of these 23 bones were also lengthened at the site of nonunion or osteotomy by 1 to 6 cm, either simultaneously by appro- Time from frame removal to review (median 22.9 months). priate location of the hinge axis, or sequentially by outpatient reconfiguration of the frame after angular correction.
In bifocal treatment, 'corticotomy' involved division of the medullary bone as well as the cortex. Great care was taken to prevent overheating and to minimise damage to the periosteum. All the tibial corticotomies were in the proximal metaphysis. Approximately half way through our series, we changed the technique of corticotomy from the use of a drill and osteotome only from the anterior border, to the use of a Gigli saw with a second incision posteromedially. 13 We performed longitudinal distraction of callus in 24 patients, producing up to 12 cm of new bone with more than 5 cm in eight. In nine this was for pre-existing shortening; the other 15 had segmental excisions as detailed below. Sixteen callus distractions were at corticotomy sites (median distraction distance 3.7 cm) and eight were at the site of the nonunion or at an osteotomy (median 1.5 cm). Most corticotomies were in cases of infection, ten being performed as a second procedure one to two weeks after application of the frame. The delay between corticotomy and the commencement of distraction was 7 to 14 days (median 9).
There were 18 segmental excisions, 13 in the tibia: 14 were for infection and four to remove avascular bone. The median length excised was 2.5 cm (2 to 4) in non-infected cases and 4.5 cm (2 to 12) in infected cases; seven segmental excisions were of 5 cm or more. In one each of a tibia, femur and ulna, shortening was accepted after small segmental excisions; in the remaining 15 cases, the defect was successfully filled by callus distraction. In seven patients, the gap created was closed acutely and, in another two, it was closed rapidly within a few days of excision. This technique was termed 'compression-distraction', indicating simultaneous distraction osteogenesis and docking-site union. For the other six bones, the distraction and docking phases were sequential; this was designated 'bone transport'. Cancellous bone grafting at the docking site was used liberally with small grafts taken by trephine. 14 Three open draining cavities were treated by debridement of soft tissue and bone. After corticotomy bone transport produced skin closure of good quality with the proximal skin edge migrating down with the bone. The patients irrigated their own cavities daily with saline until closure. Plastic surgery was not required.
The patients were seen regularly in the Nonunion Clinic, and many intermediate frame adjustments were made. Wire or pin breakages, severe pin-track sepsis, major frame reconfigurations and bone grafts required further short periods in hospital. After removal of the frame in tibial fractures the stiffnesses of the fracture site and regenerate were measured, when this was technically feasible, depending on the level in the tibia, by the method of Kay et al. 15 Thereafter the legs were protected in a functional brace for as long as judged appropriate clinically and in regard to stiffness.
We developed a multidisciplinary team consisting of a surgeon, a clinic nurse and a physiotherapist with input from microbiologists, radiologists and others. Initially, its purpose was to support patients undergoing long treatment, to teach them care of the frame and pin site and to encourage functional use of the affected limbs. Its role has now developed to include assessment of the suitability of the patient for the procedure and their preparation for the very active role which they must play in the treatment. Opinion of patients. At review, patients were asked to score their pre-and post-treatment levels of pain and function on a scale from 1 (bad) to 7 (excellent). The difference was calculated. Using the same scale, eight scores of their opinion of the treatment and its outcome were obtained as follows: 1) Pain and discomfort during inpatient treatment. 2) Pain and discomfort during outpatient treatment. 3) Explanation given before surgery. 4) Explanation given during inpatient care. 5) Support given during outpatient care. 6) Evaluation of treatment overall. 7) Quality of the result, given the starting point. 8) Readiness to have the same treatment again.
These were amalgamated into three summary scores, namely discomfort during treatment (1 + 2), explanation and support (3 + 4 + 5) and satisfaction with the outcome (6 + 7 + 8). Data handling. All data were recorded on standard forms and then entered into SPSS for Windows. Non-parametric statistics were used.
RESULTS
Of the 56 patients, 27 (48%) were non-smokers, ten (18%) smoked ten or fewer cigarettes per day and 19 (34%) smoked more than ten per day. These groups did not differ significantly in regard to the time from injury, the number of previous operations or any other index of severity. Findings on presentation. Only four of the 31 cases of stiff nonunion were radiologically atrophic and only one of 15 cases of mobile nonunion was radiologically hypertrophic. Two patients with mobile nonunion had large segmental defects, of 5 and 6 cm, respectively. Significant deformity was seen in eight united fractures and 25 stiff nonunions. There was angulation in the coronal plane of over 10° in 18 bones, evenly divided between valgus (median 25°) and varus (median 12°). Angulation in the sagittal plane was greater than 10° in 16 cases, predominantly anterior (12 cases, median 15°), but there were four cases of recurvatum (median 23°). Translational offset in the coronal plane was greater than 5 mm in 11 patients (median 12 mm) and in the sagittal plane greater than 5 mm in nine patients (median 14 mm). The clinical notes did not give reliable information on rotational deformity. The median shortening was 1.5 cm (0 to 9).
Deep infection was present in 11 (36%) of the stiff and nine (60%) of the lax nonunions, and in two patients in whom the original fracture had healed. Eleven infections were graded as severe, nine as moderate and two as subclinical. The last two patients had a previous history of deep infection. Two patients with clinically obvious infection had negative cultures, having received antibiotics shortly before sampling. Three of the severely infected group had large soft-tissue defects, with wide draining cavities. The labelled white-cell scan was positive in 14 of 15 infected patients and in none of 11 non-infected patients who had the investigation (sensitivity 93%, specificity 100%). Fifteen of the 20 patients with positive cultures had pure growths and five produced mixed flora. Table I shows that 59% of the organisms were staphylococci, approximately half of which were coagulase-positive. Duration of treatment. The median time in a frame was 187 days, but a few patients required extended treatment (Fig. 4) . Table II gives the distraction and maturation times for cases distracted at the fracture site itself compared with a formal corticotomy site. The median time taken to correct angulation was 45.5 days and that for subsequent maturation of the new bone 129 days (96 days for patients without any concomitant lengthening). Achievement of union. The first application of the frame produced union in 40 of the 46 cases of nonunion. The times for success were at a median of 23 weeks for 29 tibial fractures, and 24.5 weeks for six femoral fractures. Mean union was at 47 weeks for two humeral and 29.6 weeks for two ankle fractures. One radial fracture united at 8.3 weeks. The six initial failures included two cases of nonunion of the proximal ulna. One united after supplementary Rush nailing and the other, originally an infected internal fixation with damage to the elbow, was successfully treated by an arthrodesis. Two cases of nonunion of the tibia, both in the distal third, were wrongly thought to have united at the time of removal of the frame; union was achieved with a second frame. One case of nonunion of the humerus failed to unite before problems with pin sites developed and noncompliance forced the removal of the frame; union was achieved after locked humeral nailing. One ankle nonunion, which was infected and grossly deformed after failure of internal fixation in a 78-year-old man, required removal of the frame because of discomfort. The infection had resolved but nonunion persisted and the patient later died from unrelated causes.
Ten patients who did not have nonunion had osteotomies for angular correction or segmental excision. All of these united. Correction of malunion. In the 50 bones united at the time of removal of the frame, axial malalignment was less than Time spent in the frame (median 187 days).
10° in 35, including 22 of the 30 cases which originally had malunion. No bones showed over 10° angulation in the coronal plane, but in the sagittal plane there was a tendency to anterior angulation; 14 of the 39 tibial fractures had 10°o r more of such deformity at follow-up (median 21°, range 11° to 46°), while one developed recurvatum. Of the 14 cases with anterior angulation, four were due to persisting deformity at the fracture site and the other ten developed angulation in the regenerate bone, often after removal of the frame.
Deformity in regenerate bone was studied in the 23 patients who had union after distraction osteogenesis (Table  III) . The group with deformity had longer distraction distances (p = 0.08, Mann-Whitney U test) and were also heavier smokers. The difference for smoking was statistically significant (p = 0.01, Fisher's exact test): deformity occurred in seven of the nine patients who smoked more than ten cigarettes per day, but only in three of the 14 who smoked ten or fewer per day. The proportion of heavy smokers was the same in the group who had distraction osteogenesis as in the study group as a whole. Eradication of infection. All 22 patients with infection were cured with no recurrence at follow-up, although three failed to unite in the first frame. One patient with malunion of the tibia without infection developed osteomyelitis at the site of insertion of a wire after correction was complete. After removal of the frame and debridement, a free latissimus dorsi flap provided soft-tissue cover of good quality and the bone healed in a moulded functional brace without grafting. Opinion of patients. Table IV gives details of the patients' general satisfaction with the outcome, of discomfort experienced in the frame and of the explanation and support received. Levels of satisfaction were high compared with the degree of improvement in pain and function. Table V shows that satisfaction scores correlated strongly with the symptomatic and functional outcome and moderately with the perceived quality of explanation and support. There was no tendency for satisfaction to be less after longer periods in a frame; indeed the rank correlation coefficient was positive. This may be a reflection of the gratitude felt by the patients with the most severe problems.
We found no correlation between pain, function or satisfaction and the alignment of the bone after treatment. For the tibia, the range of movement of the knee had a significant correlation with the patients' assessment of their function (Spearman, r = 0.38, p = 0.04); this did not apply to the range of movement at the ankle. Much of the stiffness found at review was present before treatment began.
Complications. There were 138 episodes of pin-or wiretrack sepsis in 49 patients, 36 of which required treatment in hospital. The other 102 episodes were managed on an outpatient basis with flucloxacillin or erythromycin while sensitivities were obtained; the commonest pathogen was Staphylococcus aureus. Intravenous antibiotics were required in 19 and removal of the wire in 17. Four patients had debridement of bone. There were breakages of a pin or wire in 11 patients. One required resiting of the wires on seven occasions because of nerve irritation.
Cancellous bone grafting was required at the docking site in 11 patients and excision of interposed soft tissue, with freshening of the bone ends after long transport in two. One patient needed Papineau cancellous grafting of a cyst which developed in the middle of a long regenerate segment and became infected. There were two refractures at the original site due to minor injury some months after removal of the frame; both were successfully treated by application of a second frame. Three patients undergoing treatment to the tibia developed significant equinus deformity in the circular frame, necessitating its extension to the foot. One needed open elongation of tendo Achillis after removal of the frame. One patient had severe neurogenic pain after the apparently successful treatment of a tibial nonunion. This may have been present before Ilizarov treatment; if so it represents a failure of selection. Below-knee amputation gave an excellent functional result.
DISCUSSION
The value of the Ilizarov method must be judged in the light of the severity of the problems of our patients, few of whom would have been suitable for treatment by intramedullary nailing or other forms of internal fixation because of infection, an avascular segment or severe malunion and shortening. Only one of our cases of nonunion was of the aligned, non-infected, hypertrophic type which is most often reported to be successfully treated by intramedullary nailing; such cases are not usually referred to a tertiary clinic.
In our series 30% of nonunions were atrophic and mobile and over 40% were infected; therefore a rate of union of 87% in the first frame seems satisfactory. The two failures of union of the tibia may have healed if the frame had been retained for longer: both united in a second frame without bone grafting. All the other failures of union, apart from the patient who died, eventually had a satisfactory outcome. The Ilizarov procedure did not prevent the use of treatment by other methods. No additional nonunion was created by the excision of infected bone or by osteotomy. In most patients, and in all of the monofocal cases, union was achieved without bone grafting. Our experience confirms Ilizarov's assertion that distraction alone is a potent stimulus, at least for nonunions of the hypertrophic type, and is in agreement with other more recent work.
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The two late refractures occurred in the 50 bones thought to be united. There were also two early failures of union after the premature removal of frames. These four cases highlight the problem of assessing union at fracture sites, or docking sites after transport, before a frame is removed. There is no established method of doing this. Various methods of measuring bone mineral content such as quantitative CT, single-photon absorptiometry and dual-emission X-ray absorptiometry, have been shown to predict the strength of healing experimental osteotomies, 16 but there are no reports of their clinical value. Mechanical testing by measurement of bending stiffness has been shown to be worthwhile in fresh fractures 17 and techniques are being developed to apply this method when a circular frame is in place. The assumption, however, that stiffness parallels strength may not be as valid for sites of nonunion or docking as for fractures which have healed normally. Soon after frame removal we found that one of our early failures and one case of late tibial refracture had stiffness values which would indicate satisfactory healing in fresh fractures. Our success in the eradication of chronic infection, with no recurrences after a median follow-up of 23 months, is very satisfactory. We believe that this was because we were able to apply the basic surgical principle of the treatment of infection by the excision of all unhealthy tissue. This was achieved by local debridement and removal of infected metalwork in eight of the 22 infections, but most required excision of a segment of bone which was then regrown from regions of good vascularity, avoiding the use of avascular cancellous graft. Nine of our 11 cases of severe infection had segmental excisions of a median length of 5 cm. It is possible that such radical treatment excised some bone unnecessarily, but we had no failures and consider that the risk was justified. We found labelled white-cell scans of value in planning the scale of segmental excision required. Their accuracy in diagnosis was similar to that in our previous unpublished study with a sensitivity of 100% and a specificity of 94%, and to that of Roddie et al 18 who found a sensitivity of 100% and a specificity of 93%. Failure to achieve accurate anatomical alignment in all cases was mainly due to late anterior angulation after apparent healing of long distraction distances. There appeared to be lack of sufficient maturity and rigidity in regenerate bone to allow removal of the frame within a reasonable period of time. When the regenerate remains in a plastic condition, the powerful action of the posterior muscles in the thigh or calf can produce anterior angulation. Heavy smoking appeared to have a deleterious effect on the maturation of new bone formed by callus distraction, independent of the severity of the presenting problem. This has been the subjective impression of many surgeons who use the Ilizarov method, and it seems advisable to recommend stopping or reducing cigarette consumption before starting limb reconstruction. Few smokers, however, will find the commencement of Ilizarov treatment a favourable time to give up this addiction.
Further research is needed into the maturation of regenerate bone after trauma in adults. This seems to be much more of a problem than it is in elective limb lengthening. We rely on experience and intuition to decide the right speed of distraction, the mechanical environment and the level of functional activity in the later stages of the treatment, especially when consolidation was delayed. Little guidance is available for deciding whether to increase the stiffness of the frame to stabilise the regenerate, or to deconstruct partially to increase load-bearing. Similarly, the value of bone grafting or of biochemical stimuli is uncertain. Eyres, Saleh and Kanis, 19 in a double-blind randomised trial of stimulation by a pulsed electromagnetic field of regenerate bone, found no benefit in patients undergoing limb lengthening. Our patients' evaluation of their treatment showed that neither the final alignment nor the time spent in the frame were related to residual symptoms, function or satisfaction. Perfect anatomy and the rapidity of treatment are less important than pain relief and improvement in functional capacity. Explanation and support were also important. Technical expertise is essential, but careful attention to support services is also important because much of the treatment is performed on an outpatient basis.
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